Background {#Sec1}
==========

Anthrax was one of the first bacterial diseases to be controlled by vaccination. Starting with the famous vaccination of sheep conducted at Pouilly-le-Fort, France, by Louis Pasteur \[[@CR1]\] his duplex vaccine became widely used for cattle and sheep in Europe and South America for about 50 years. It was, however, Max Sterne's live-spore vaccine \[[@CR2]\] which in the long run became the world's most used live vaccine against anthrax in the veterinary field \[[@CR3]\]. It remains the veterinary vaccine in use in most countries encountering anthrax \[[@CR4]\].

Sterne's own trials with his vaccine \[[@CR5], [@CR6]\] had shown effectiveness in diminishing outbreaks in South Africa over the period 1925 to 1941. Nevertheless, while proving effective in controlling anthrax worldwide over the last 75 years, usage of the Sterne live spore vaccine poses a number of problems. These include problems related to the standardization of vaccine production and avoidance of batch to batch variation in content and immunogenicity, and the residual virulence known from several laboratory species and livestock \[[@CR2], [@CR7]--[@CR9]\], in particular goats \[[@CR3]\]. More importantly, especially for use in livestock and endangered wild species, the live vaccine has been noted to prevent development of vaccine induced antibodies when administered concomitantly with an antibiotic in small laboratory rodents \[[@CR10], [@CR11]\]. The simultaneous antibiotic treatment and vaccination would be of great importance for control of an outbreak situation where the possible infection of livestock or wild animals needs to be prevented after the activity of the antibiotic has ceased. This concept has led to the approval of a human vaccine (AVA, (BioThrax^R^), Emergent BioSolutions) for a post-exposure scenario in humans where antibiotics may be administered for up to 60 days \[[@CR12]\]. In animals, the risk for infections by spores originally present in or newly shed to the environment by early victims of an outbreak is even much higher, as one-shot treatments with long-lasting antibiotics generally do not protect for more than 14 days.

So far non-living alternatives are not available for veterinary use, contrary to the licensed acellular human vaccines AVA and AVP whose main immunological ingredient is the so-called protective antigen (PA; see reviews in \[[@CR13]--[@CR16]\]). However these are imposed with limitations of their own like an extensive immunization schedule, batch to batch variations in the content and concentration of the antigens \[[@CR17]\], and species-specific variations in the protective capacity \[[@CR18]--[@CR22]\]. Thus the search for more defined recombinant protein antigens analogous to the licensed acellular human vaccines is still ongoing.

Varying results have been published in laboratory animal models (reviewed in 13) with purified PA preparations and recombinant PA (rPA). Results indicated that vaccines solely based on the toxin derived antigens, mainly PA, are less protective than live-spore vaccines against virulent isolates of *B. anthracis* \[[@CR7], [@CR23]--[@CR29]\]. Spore vaccines constructed from toxigenic, non-encapsulated strains have repeatedly demonstrated the capacity to confer protection in mice and guinea pigs against challenge with virulent *B. anthracis* \[[@CR7], [@CR9], [@CR23], [@CR24], [@CR30], [@CR31]\]. Better protection by live spore vaccines compared to AVA or AVP has been attributed to improved stimulation of the cellular or cell mediated immune response by both spore and vegetative cell components \[[@CR7], [@CR8], [@CR23], [@CR32]\].

Brahmbhatt et al. \[[@CR33]\] showed a protective effect of an exosporium derived antigen, *Bacillus* collagen-like antigen (BclA), when added to suboptimal amounts of PA in a combination vaccine. This supported the results of Hahn et al. \[[@CR34]\] that showed the protection afforded by a combination of rPA and rBclA encoding plasmids was significantly better than protection provided by vaccination with the single components. More recently it was shown that other spore derived antigens \[[@CR27], [@CR29], [@CR35]--[@CR37]\], surface layer proteins \[[@CR28], [@CR38]\] or inactivated full spore preparation such as FIS \[[@CR39]--[@CR41]\] can add to the protective efficacy of PA-based vaccines.

The PA-induced immune response is highly dependent on the adjuvant used \[[@CR19], [@CR20]\]. In recent trials a lipopeptide adjuvant (LP), already validated in other contexts \[[@CR42]--[@CR47]\], was compared with alhydrogel (Ah) in mice and rabbits. Animals immunized with rPA and LP had significantly higher antibody (IgG2a) titers than those given rPA and Ah. When NMRI mice were challenged subcutaneously with *B. anthracis* Ames spores the rPA/LP immunized group survived significantly better than both the negative controls and the rPA/Ah immunized group, whereas rabbits were completely protected. None of the animals showed clinical side effects with this adjuvant \[[@CR48]\].

As early as in 1946 Gladstone \[[@CR49]\] recognized the potential of a non-cellular vaccine against anthrax and tested a culture filtrate of *B. anthracis* in several laboratory species and sheep. Experiments in the 1950s in cattle, sheep, and pigs demonstrated the potential protectiveness of such a cell-free vaccine \[[@CR50], [@CR51]\], though the interpretation of these trials was always hampered by the inability to find a fully lethal dose with the challenge strains used. To the best of our knowledge there have been no further studies aimed at protecting livestock animals from a virulent infection with *B. anthracis* by a non-living vaccine since these early experiments.

Our study investigated the protective immune response induced by a combination of recombinant proteins with or without FIS in goats. This species was selected given the extremely high susceptibility of goats and their economic and social importance in many arid or semi-arid areas of the world. A threefold vaccination with a non-living vaccine comprising of rPA, rBclA and FIS as the relevant antigens in combination with LP adjuvant revealed 80% survival after a parenteral lethal challenge with spores of *B. anthracis*. This indicates the high potential of such vaccines as either a supplement or even alternative to living spore vaccines when (i) vaccination is desirable to prevent the re-activation of an outbreak after the initial antibiotic treatment or (ii) when other non-living components are used in so-called combination vaccines to immunize simultaneously against both *B. anthracis* and a different pathogen. Such combination vaccines are often used concomitantly with antibiotics in the veterinary practice.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Goats were purchased from local farmers and comprised of a phenotypically heterogeneous group of both males and females of ages around 1 year, belonging to the breed of Caucasian goats. Animals were sourced from farms not affected by anthrax and with no anthrax vaccine history in the last 5 years. All animals were tested for anti-PA antibodies by ELISA and only animals considered negative were enrolled. Initially 25 goats were held in one flock on a fenced pasture throughout the vaccination. To allow for acclimatization the goats were held at the site of the experiment for approximately 1 month prior to the start of the vaccination. All animals were treated with Ivermectin (7 mg, s. c.) and mineral supplement (Depomin, 10 ml orally per day, for 3 days) and the health status was monitored by local veterinarians. Two vaccine groups of 10 goats each (groups A and B) and one unvaccinated negative control of 5 goats (group NegCTL) were selected at random from the flock to make up the experimental groups. During the challenge period groups of animals were held in separate concrete barns equipped with water basins and racks containing hay. Hay was provided ad libitum. At the end of the trials barns and any non-burnable materials were disinfected by spraying with 10% formaldehyde solution. Carcasses and contaminated materials were incinerated. Two animals of group A and one animal in group NegCTL were lost during the time of vaccination but before challenge (Table 1) due to reasons unrelated to the vaccination procedure (two predations and one unknown loss). The immunological data of these animals were part of the evaluation.

Recombinant proteins {#Sec4}
--------------------

*Escherichia coli* BL21-CodonPlus-RIL cells (Stratagene, La Jolla, CA) harboring the plasmid pREP 4 and pQE-30 (both Qiagen, Venlo, Netherland) encoding either rPA83 or rBclA coupled to a HIS-tag were grown and purified as described previously \[[@CR34]\]. Briefly, bacterial inoccula were grown in antibiotic supplemented Standard medium I (Roth, Karlsruhe, Germany). Upon reaching OD~600nm~ of 0.6, protein production was induced with IPTG (Roth, Karlsruhe, Germany). After incubation for 3 h at 37 °C shaking cultures were lysed and proteins purified on a HiTrap Sepharose column loaded with nickel(II)sulfate (Sigma-Aldrich, Taufkirchen, Germany) via FPLC with Äktaprime plus (GE Healthcare, Freiburg, Germany). After dialysis onto 5 mM HEPES-buffer (Roth, Karlsruhe, Germany) and quality assessment via SDS-page, protein yield was established via Bicinchoninsäure test (Interchim, Montlucon, France). Proteins used for ELISA received no further treatment while proteins used for vaccination were tested for endotoxin (ET) yield using the Limulus Amoebocyte Lysate Endochrome-K test kit (Charles River, Wilmington, MA) according to the manufactures's instructions. Endotoxin removal was performed via EndoTrap blue endotoxin removal system (Hyglos, Bernried, Germany) for proteins with ET values more than 50 ng/kg body weight.

Formalin inactivated spores (FIS) {#Sec5}
---------------------------------

Sterne vaccine strain 34F2 spores (strain collection of the University of Hohenheim) suspended in 0.9% NaCl containing 0.1% gelatin were pelleted, then re-suspended in PBS with 4% formalin and incubated at 37 °C overnight. The suspension was centrifuged (4000 x g) four times and re-suspended in 0.9% NaCl and 0.1% gelatin with the last pellet re-suspended in endotoxin free PBS. Sterility of 1 aliquot of the preparation was confirmed on blood agar after neutralization of formalin with 1 volume of a solution containing 20 g/L histidine at room temperature for 30 min.

Lipopeptide adjuvant {#Sec6}
--------------------

A lipopeptide adjuvant comprising Pam3Cys-SKKKK, a TLR2/1 activator admixed with Pam3Cys conjugated to the promiscuitive T-helper-cell epitope of the sperm whale myoglobin SFISEAIIHVLHSRHPG \[[@CR46], [@CR47], [@CR52]\] was purchased from EMC Microcollections GmbH, Germany.

Serology {#Sec7}
--------

All sera were tested individually for IgG antibodies against the respective antigens rPA83, rBclA, and FIS in the ELISA. IgM titers against rBclA and FIS were assessed with pooled group sera from each sampling point. The ELISA tests were performed as described earlier \[[@CR53]\]. Briefly 96-well Maxisorp plates (Sigma-Aldrich, Taufkirchen, Germany) were coated with 0.5 μg antigen or respectively 10^8^ cfu FIS per well in coating buffer (8.4 g/L NaHCO~3~, 3.56 g/L Na~2~CO~3~) over night. Sera were titrated on the plate in duplicates using a serial log~2~ dilution with a starting concentration of 1:100. Controls included an equivalently titrated goat serum positive for all antigen tested, as well as point measurements (concentration 1:100) of unvaccinated goat sera as a negative control. The secondary antibody rabbit anti-goat IgG HRP (Thermo Fischer, Waltham, MA USA) was used at a dilution of 1:6000. Endpoint titers were developed with ABTS (Roche, Mannheim, Germany) and defined as the reciprocal of the highest serum dilution that resulted in an OD~414nm~ greater than 0.1.

Toxin-neutralizing assay (TNA) was performed as published earlier \[[@CR53]\] to qualitatively assess the ability of antibodies generated to neutralize lethal toxin. Briefly, heat inactivated individual sera were serially diluted in 8 log~2~ steps with a starting dilution of 1:50 on sterile 96 well plates (BD Biosciences, Heidelberg, Germany) seeded with 10^5^ J774 A.1 macrophages per well. Lethal toxin (LF) was added at concentration of 500 ng/mL PA and 100 ng/mL LF (List Biological Laboratories, Campbell, CA, USA) and survival of macrophages was visualized through MTT (5 mg/mL, Alfa Aesar, Karsruhe, Germany), which is degraded by living cells to a measurable (OD540~nm~) colour compound. The neutralization titer (NT) corresponds to the inverse serum dilution at which the macrophage survival yielded 50% (NT~50~). ELISA titers and NT~50~ were estimated using the Sigma Plot regression wizard (4-parameter sigmoid regression curve).

*Bacillus anthracis* challenge strain {#Sec8}
-------------------------------------

The virulent *B. anthracis* strain was isolated from the spleen of a deceased bovine in the Kars region (strain K-136, collection of the Department of Microbiology, Faculty of Veterinary Medicine of the Kafkas University, Turkey) and identified as described earlier \[[@CR54]\]. Spores were prepared as described in the WHO guidelines "Anthrax in humans and animals" \[[@CR4]\]. The presence of both virulence plasmids pX01 and pX02 was tested by PCR \[[@CR4]\] from 10 single colonies randomly picked from an overnight culture of the spore suspension on blood agar. The virulence of the challenge strain was confirmed in BALB/c mice at Erciyes University Hakan Cetinsaya Animal Experimentation Laboratory, Kayseri/Turkey. For this, two groups of 2 mice were challenged with 625 or respectively 1250 spores given s. c. in the back. Death occurred within 68 h after the lethal challenge and was verified through re-isolation of the challenge strain from heart and lung tissue.

Immunizations and challenge {#Sec9}
---------------------------

Goats of group A received a vaccine formulation comprising of 500 μg LP adjuvant, 75 μg rPA83 and 75 μg rBclA per dose and group B goats received the same formulation as A with the addition of 10^8^ FIS per dose. The 75 μg of recombinant proteins was a 25-fold increase in PA that is present in a single dose of the human vaccine AVA \[[@CR55]\]. The spore dose was as published for studies with mice and guinea pigs \[[@CR39]\]. Group NegCTL served as an unvaccinated negative control without any injections. The groups were vaccinated three times with 3 week intervals by subcutaneous injection into the upper thigh of the hind leg with 1 mL of vaccine (components diluted in 1 mL of endotoxin free PBS). Blood samples were collected before each immunization, right before and 14 days after challenge from survivors (Fig. [1](#Fig1){ref-type="fig"}). All animals were challenged with approximately 1000 spores at one time, except for two randomly chosen members of group NegCTL (96,163 and kesik kulak) that were challenged before the rest of the groups to establish the virulence of the spore suspension prepared. Re-counting colony forming units on blood agar plates revealed a number of 1027 spores for the two negative controls challenged first and 918 spores for the other goats.Fig. 1Timeline of the vaccination and challenge schedule. Dashed arrows indicate blood sampling; dotted arrows indicate vaccination time points and continuous arrows indicate the application of the challenge dose; Arrow's lengths indicate schedule of the relevant groups (A-C); † indicates death of individual goats unrelated to the experimental set up within the indicated time frame; In week 10 only 2 individuals of group NegCTL (unvaccinated negative control) were bled and challenged to verify the functionality of the challenge set up, the remainder of group C was challenged and bled in week 11 together with group A (rBclA + rPA83), and B (rBclA + rPA83 + FIS). FIS: Formalin inactivated spores; rBcLA: Recombinant *Bacillus* collagen-like antigen; rPA: Recombinant protective antigen

To assess the health status of the challenged goats the general behaviour was checked and rectal temperature was measured at least twice daily for 2 weeks after the challenge. In cases of temperatures of ≥40 °C a blood smear to determine the presence of encapsulated bacilli in the blood was made \[[@CR55]\]. Animals with negative blood smears were monitored more frequently. Positive animals were treated with 1 mL/25 kg body weight Dipenisol (penicillin/streptomycin formulation, Bayer, Leverkusen). The day of treatment was recorded as "time of death" for the analysis of protectiveness. The animal trials were approved by the Ethic Committee of Animal Experimentation of the Erciyes University, No. 13/01, decision date 09.01.2013.

Statistics {#Sec10}
----------

Titer values for all four traits were transformed using a logarithmic transformation, as residuals visually indicate clearly increasing variances for larger expected values. These data were then analyzed using a mixed model assuming fixed effects for groups and time points and their interactions. Furthermore, the model accounts for repeated measures taken from each goat. Repeated measures can be modelled by an unstructured variance covariance matrix for observations from one goat, but for all traits fitting a random goat effect and a week-specific error variance increased model fit measured by the Akaike information criterion (AIC). Values under the detection limit were replaced by the halved value of the detection level on the transformed scale. If all observations from one time point or one group were under the detection level, the variance for these observations is zero. To avoid underestimation of variances, we dropped these observations and present means for them as under detection level in the results section. A Tukey tests accounting for multiple testing were performed only after finding differences for a factor via F-Test. A letter display was used were means with identical letters were not significant different from each other. Additionally, in case of non-significant interactions between group and time point simple means were calculated, but not used for testing. Predicted means were back transformed for presentation only. Standard errors were back transformed using the delta method. As titer values could only be measured from surviving goats, means from the last time point depend on the surviving of goats. For those titers animal effects were correlated for the traits anti-rPA83 and NT~50~ using a bivariate model. To elaborate survival time the log rank test was employed using data from all treated goats. Multiple comparison was done using the adjustment by Tukey. For all statistical evaluation a *P*-value of 0.05 was considered significant. All analysis were done using the procedures PROC MIXED and PROC LIFETEST of the SAS system.

Results {#Sec11}
=======

Anti-rPA-IgG titer {#Sec12}
------------------

Titers of NegCTL group remained below the detection threshold (\< 100) throughout the study. The F-tests indicated differences between time points, but titers of groups A and B show a similar development over time (*P* = 0.47) and means were not significantly different (*P* = 0.20). Mean anti-rPA83 titers increased significantly in both group A and B after the first and second vaccination (*P* = 0.0001) but decreased after the 3rd vaccination (*P* = 0.0051). Mean titers of goats surviving the challenge remained either nearly unchanged or raised strongly compared to values after second and third vaccination, leading to high variations within the groups (Fig. [2](#Fig2){ref-type="fig"} and Additional file [1](#MOESM1){ref-type="media"}: Table S1).Fig. 2Anti-recombinant PA (rPA) ELISA titers. Displayed are IgG-antibody-values for individual animals as well as predicted means and standard deviations for group A (rBclA + rPA83), B (rBclA + rPA83 + FIS) and NegCTL (unvaccinated negative control) on all sampling points measured via indirect ELISA against rPA83. Values below the detection limit (\<100) were given an arbitrary value of 10. Individual values are given as symbols specific for each group (group A - triangle, group B - square and group NegCTL - circle). Mean values are given in the form of bar charts in the background and standard deviations as positive values above the bars. Mean values were analyzed for statistical differences with *P* ≤ 0.05 as indicated by lower case letters for comparing time points above the respective bars. As there was no significant difference (*P* \> 0.20) between group A and B for any sampling point concerning the anti-rPA83 IgG antibody titers, letters were displayed across both groups. Mean values with identical letters were not significant different from each other. Means from group NegCTL were always under the detection limit and therefore not included in the letter display. FIS: Formalin inactivated spores; rBcLA: Recombinant *Bacillus* collagen-like antigen; rPA: Recombinant protective antigen

Toxin neutralization titer (NT~50~) {#Sec13}
-----------------------------------

Sera of group NegCTL as well as sera of all goats before the first immunization remained below the detection limit (NT~50~ ≤ 50). The F-tests indicated differences between time points, but titers of groups A and B show a similar development over time (*P* = 0.81) and means were not significantly different (*P* = 0.25). After the first immunization only individual goats of groups A and B developed weak NT~50~ whereas the mean titers across groups A and B increased significantly (*p* = 0.0023) after the second immunization. In line with the tendency observed for anti-rPA83 IgG, the third immunization resulted in significant though lower mean titers (*P* = 0.0028) (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, week 10/11). NT~50~ of goats surviving the challenge were highly variable (Fig. [3](#Fig3){ref-type="fig"} and Additional file [1](#MOESM1){ref-type="media"}: Table S2). Animal showing high values for anti-rPA83 IgG also show high NT~50~ values (*r* = 0.956).Fig. 3Toxin neutralization assay (TNA)-titers. Displayed are toxin-neutralizing titers for individual animals as well as predicted means and standard deviations for group A (rBclA + rPA83), B (rBclA + rPA83 + FIS) and NegCTL (unvaccinated negative control) on all sampling points. Values below the detection limit (\<50) were given an arbitrary value of . Individual values are given as symbols specific for each group (group A - triangle, group B - square and group NegCTL - circle). Means are given in the form of bar charts in the background and standard deviations as positive values above the bars. Results were analyzed for statistical differences with *P* ≤ 0.05 indicated by lower case letters for comparing time points and upper case letters for comparing groups above the respective bars. Mean values of different time points with identical lower case letters were not significant different from each other. Mean values of different groups with identical upper case letters were not significant different from each other. As there was no significant difference (*P* \> 0.25) between group A and B for any sampling point concerning the toxin-neutralizing titers, letters were displayed across both groups. Mean values with identical letters were not significant different from each other. Means from group NegCTL and before immunization were always under the detection limit and therefore not included in the letter display. FIS: Formalin inactivated spores; rBcLA: Recombinant *Bacillus* collagen-like antigen; rPA: Recombinant protective antigen

Anti-rBclA-IgG titer {#Sec14}
--------------------

The F-tests indicated a significant interaction term, thus different development of titers over time in different groups. The mean titers of group B slightly increased after the first and second immunization (*P* = 0.0101 and *P* = 0.0078) but differ significantly only in week 6 from the negative control group (Fig. [4](#Fig4){ref-type="fig"} and Additional file [1](#MOESM1){ref-type="media"}: Table S3).Fig. 4Anti-rBclA ELISA titers. Displayed are IgG antibody-values for individual animals as well as predicted means and standard deviations for group A (rBclA + rPA83), B (rBclA + rPA83 + FIS) and NegCTL (unvaccinated negative control) on all sampling points measured via indirect ELISA against rBclA. Values below the detection limit (\<100) were given an arbitrary value of 10. Individual values are given as symbols specific for each group (group A - triangle, group B - square and group NegCTL - circle). Means are given in the form of bar charts in the background and standard deviations as positive values above the bars. Results were analyzed for statistical differences with *P* ≤ 0.05 indicated by lower case letters for comparing time points and upper case letters for comparing groups above the respective bars. Mean values of different time points with identical lower case letters were not significant different from each other. Mean values of different groups with identical upper case letters were not significant different from each other. Inter-group comparisons showed a significantly elevated mean IgG titer against rBclA for group B as compared to group NegCTL in week 6 only. FIS: Formalin inactivated spores; rBcLA: Recombinant *Bacillus* collagen-like antigen; rPA: Recombinant protective antigen

Anti-FIS-IgG titer {#Sec15}
------------------

Again, F-tests indicated a significant interaction term, thus different development of titers over time in different groups. The mean titer of group B was significantly increased after the first (*P* \< 0.0001) and second immunization (*P* = 0.0027) and stayed nearly constant after the third immunization and challenge (*P* = 0.1573, *P* = 0.4273). Titers from the NegCTL group were constant over time. Titers from group A, where FIS was not constituent of the vaccine formulation, remained nearly unchanged compared to serum before vaccination (Fig. [5](#Fig5){ref-type="fig"} and Additional file [1](#MOESM1){ref-type="media"}: Table S4). Pooled group sera of every sampling point tested negative for IgM antibodies against rBclA and FIS (data not shown).Fig. 5Anti-FIS (formalin inactivated spores) ELISA titers. Displayed are IgG antibody-values for individual animals as well as predicted means and their standard deviations for group A (rBclA + rPA83), B (rBclA + rPA83 + FIS) and NegCTL (unvaccinated negative control) on all sampling points measured via indirect ELISA against FIS (formalin inactivated spores). Values below the detection limit (\<100) were given an arbitrary value of 10 for better display. Individual values are given as symbols specific for each group (group A - triangle, group B - square and group NegCTL - circle). Means are given in the form of bar charts in the background and standard deviations as positive values above the bars. Results were analyzed for statistical differences with *P* ≤ 0.05 indicated by lower case letters for comparing time points and upper case letters for comparing groups above the respective bars. Mean values of different time points with identical lower case letters were not significant different from each other. Mean values of different groups with identical upper case letters were not significant different from each other. Inter-group comparisons showed significantly elevated IgG titers for group B as compared to group A against FIS for all sampling points with the exception of week 0. FIS: Formalin inactivated spores; rBcLA: Recombinant *Bacillus* collagen-like antigen; rPA: Recombinant protective antigen

Challenge {#Sec16}
---------

In Fig. [6](#Fig6){ref-type="fig"} the time to death curves are plotted, taking only full days into consideration. Two animals of group A got antibiotic treatment after a positive blood smear on days 3 and 9, respectively, according to the end point rules of this experiment. These animals were considered fatally infected and the day of intervention was taken for calculation of the death curve. Using the test for multiple comparisons group B shows a significant better survival than the negative control, with 8 out of 10 survivors (*P* = 0.0015) while group A with 4 out of 8 survivors did not (*P* = 0.2895). The difference in survival rate between group A and B is not significant (*P* = 0.4614) using the test approach described above. This test approach simultaneously used data from all goats. Note that using three two-sample log rank tests with a Bonferroni adjustment for multiple testing here showed significant increased survival rate for both groups A and B as compared to the unvaccinated negative group (NegCTL).Fig. 6Survival data. Displayed are survival data of goats immunized with protein component vaccines with or without FIS (formalin inactivated spores) and challenged with fully virulent wild type strain *Bacillus anthracis* K-136. Survival was monitored up to 15 days. Significance was tested via a log-rank test. *P*-values are as compared to the unvaccinated animals if not indicated otherwise. The time of death was either the day the animal was found dead or the day of antibiotic treatment, as was the case for 2 goats of group A. The time points of their antibiotic treatment are labelled with \* in the figure

Discussion {#Sec17}
==========

Living spore vaccines, currently used as one of the most important measures for controlling anthrax in animals, are not suitable for simultaneous antibiotic treatment and vaccination. This scenario is relevant in veterinary practice when vaccination is desirable to prevent the re-activation of an outbreak after the initial antibiotic treatment or when other non-living components are used in so-called combination vaccines to immunize simultaneously against both *B. anthracis* and a different pathogen.

A growing body of data from vaccinations of laboratory animals show the superiority of vaccines supposed to elicit protective immune responses against both the action of the toxins and the replication of the bacterium. We sought to know whether an appropriate non-living combination vaccine could protect one of the most susceptible species of livestock, goats, against a lethal challenge with *B. anthracis*. This study demonstrated that goats were protected by a combination of recombinant peptides with or without FIS from a lethal *B. anthracis* challenge.

Based on promising results from earlier vaccination experiments in mice \[[@CR56]\], goats were immunized three times at 3-week intervals with rPA and rBclA without (group A) or plus *B. anthracis* 34F2 strain derived FIS (group B) adjuvanted by a lipopeptide. This robust vaccination regimen was chosen in an "all or nothing" approach to ensure that in this pioneering experiment even a minimal protectiveness would be verifiable. The challenge with \~1000 spores of a fully virulent strain of *B. anthracis* revealed 50% (4/8) and 80% (8/10) survival for the 14 days monitoring period in group A and B, respectively, while all animals (4/4) of the negative control died within 5 days. According to the Tukey test for multiple comparisons only group B showed a significant protection in comparison to the negative control. This result falls in line with the observations made earlier where a combination of rPA83 and different concentrations of FIS in guinea pigs and several mice strains resulted in full protection \[[@CR39], [@CR40]\] whereas the components given in single did not. ELISA and TNA titers measured after each vaccination indicate that a two-step vaccination could be sufficient for protection as titers were higher after second vaccination than after third (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}). This needs to be further investigated to determine if a two-step vaccination will protect target animals as well and to compare the protectiveness in different livestock animals to those of the current Sterne live spore vaccine (SLSV). In a previous trial on the long-term protectiveness of the SLSV in goats \[[@CR57]\] a 100% survival from lethal challenge was only achieved when goats were freshly boostered. The single application of SLSV resulted in 60% (6 weeks post vaccination) and 80% (62 weeks post vaccination) survival. While the protectiveness of the threefold vaccination schedule conducted here with the non-living vaccine looks comparable to a single vaccination with SLSV anti-PA and TNA-titers were equal or higher with the latter at 4--6 weeks after vaccination compared to the peak titers (week 6) with the non-living vaccine. However, the titers of both anti-PA and TNA were fairly comparable right before challenge. Interestingly, anti-FIS titers were much lower after a single vaccination with SLSV (\<1/10) compared to our group B titers but increased comparably after a second vaccination with living spores. Taken in mind the role of an anti-spore immune response the high anti-FIS titers may have contributed to the higher survival seen in group B.

Some animals showed measurable, but low ELISA titers against rPA83, rBclA and FIS before immunization. This has been observed in other trials before \[[@CR57]\] and can be attributed to unspecific reactivity, as the animals utilized in this study had no historical vaccination background and were not connected to any anthrax outbreak. Furthermore, the background titers of unvaccinated animals did not change significantly over time and conveyed no protection. Because of this we focused our statistical evaluation on the progressive change in titers over time and between groups clearly showing a vaccine effect in terms of seroconversion and survival in the vaccinated animals. Of note, two animals in group A and B showed no increase in anti-rPA and TNA titers after the survival of the challenge as compared to before the challenge hinting at a sterile immunity \[[@CR58]\].

As the exosporium is the outermost surface of a *B. anthracis* spore, it has been the focus of numerous novel vaccination approaches by several laboratories. BclA forms the hair-like extensions protruding from the exosporium membrane \[[@CR59], [@CR60]\]. It has been shown to be immunodominant \[[@CR61]\] and adds to protectiveness of PA based vaccines \[[@CR33], [@CR34], [@CR56]\]. Goats injected with a protein formulation of rPA83, rBclA and lipopeptide (group A) showed little to no increase in ELISA titers using either rBclA or FIS as the antigen. Goats supplementary injected with FIS (group B) showed a strong increase in anti-FIS IgG titers but still an only marginal increase in titers against rBclA. Given the previously described results from mouse experiments the low responsiveness of goats to either the recombinant or FIS-derived BclA was unexpected. Interestingly, these results are in line with serological data from a study in goats vaccinated with the commercial Sterne spore vaccine. Vaccinates also showed no change in anti-rBclA IgG titers over the course of a year as compared to titers before the vaccination while anti-FIS IgG titers increased strongly after the first and again after a booster immunization with the Sterne spore vaccine \[[@CR57]\]. It has been stated that the main antibody response against BclA is directed against the proteinaceous parts of the native protein \[[@CR62]\] and several reports have shown the immunogenic and protective capacity of a non-glycosylated rBclA \[[@CR32]--[@CR34], [@CR56]\]. However, we cannot completely rule out that goats in group B may have elicited antibodies against the carbohydrate moieties of the glycosylated FIS-derived BclA which were not detectable using rBclA as the antigen in our ELISA. If so, such antibodies might have added to the better protection in group B and immunogenic oligosaccharide side chains of BclA may be considered part of future non-living vaccines, too. Taken together these results support the previously described notion \[[@CR27], [@CR29]\] that BclA, albeit highly immunogenic, might not be the only or even main relevant antigen from *B. anthracis* spores. Vergis et al. \[[@CR29]\] observed an even better survival rate in mice challenged with Ames spores after immunization with a ΔBclA strain of the anthracis-like *B. cereus* G9241. The authors explained these surprising results with observations by Cybulski et al. \[[@CR36]\] and Basu et al. \[[@CR63]\], the latter demonstrating that the removal of the exosporium from a spore enhances the cytokine response in macrophages while the exosporium itself is inert in this regard. More recently, Wang et al. \[[@CR64]\] implicated BclA in impairing antibody responses and protection against lethal infection of mice through inhibition of complement. The results of our study indicate that BclA might not only partially mask recognition of important antigens beneath the exosporium, but is in addition poorly immunogenic in goats as compared to mice and rabbits. If this has implications concerning the high susceptibility of goats against an infection with *B. anthracis*, needs further investigation.

Conclusions {#Sec18}
===========

The results of our study indicate the potential of an antigenic mixture eliciting an immune response against both the toxins and the spore components of *B. anthracis* to protect the extremely susceptible goat from a lethal infection with *B. anthracis*. The non-living nature of this vaccine would allow for a concomitant antibiotic treatment and vaccination procedure. Data from serological studies in goats support the robustness of immunogenicity of this vaccine also when administered in combination with long-term antibiotics (unpublished). Further studies will clarify how this vaccine candidate performs in a post infection scenario controlled by antibiotics.
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Ah

:   Alhydrogel

AVA

:   Anthrax Vaccine Adsorbed

AVP

:   Anthrax Vaccine Precipitated

B

:   *Bacillus*

BclA

:   *Bacillus* collagen-like antigen

ELISA

:   Enzyme Linked Immunosorbent Assay

ET

:   Endotoxin

FIS

:   Formalin Inactivated Spores

FPLC

:   Fast protein liquid chromatography

HRP

:   Horseredish Peroxidase

IgG

:   Immunoglobulin G

IgM

:   Immunoglobulin M

IPTG

:   Isopropyl-*β*-D-thiogalactopyranosid

LF

:   Lethal Factor

LP

:   Lipopeptide

NegCTL

:   Negative Control group

NT

:   Neutralization Titer

PA

:   Protective Antigen

PBS

:   Phosphate Buffered Saline

PCR

:   Polymerase Chain Reaction

RBclA

:   Recombinant BclA

rPA

:   Recombinant Protective Antigen

SDS

:   Sodium Dodecyl Sulfoxid

SLSV

:   Sterne's Live Spore Vaccine

TNA

:   Toxin Neutralization Assay
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